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ICR?GANDA PROPOSEDMETHODOFSEIJ3CTINGDESIGNCRITERIONS

FOR1(X-PROTECTIONEQWOMEI?T

By PaulT.HackerandRobertG.Dorsch

Datafrcmvarioussourcesontheobserved
variables,liquid-watercontent,mean-effective

valuesofmeteorological
dropletsize,andtem-

perature,whicharepertinenttoaircrafticing,aresummarized;anda
methodisproposedfortheselectionofdesigncriterionsforice-
protectionequipment.

Thedataaredividedaccordingto twobrmd cloudtypes,nsmely,
stratiformandcunniliformclouds,becausethephysicaltiensions,the
formationanddevelopmentprocesses,thefrequencyofencounter,and
theseverityoficingconditionsareverydifferentforthetwocloud
types.Thedataaresumarizedin sucha mannerasto givethefre-
quencyofoccurrenceofobservedicingconditionsaccordingtotwoof
thepertinentmeteorologicalvariables.Thesummarizeddataindicate
thatstatisticalrelationsexistbetweenliquid-watercontent,mean-
effectivedropletdiameter,temperature,andpressuxealtitude.

Theproposedmethodofselectingvaluesofliquid-watercontent
andmean-effectivedropletdiameteras designcriterionsforice-
protectionequipmentisbaseduponthecollectionefficiencyofan air-
foilasa functionofdropletsizeandthefrequencyofoccurrenceof
icingsituationswithvariousliquid-watercontentsandmean-effective
dropletdiameters.Themethodprovidesa convenientmeansof calculating
thepercentageoficingencountersh whichthewater-collectionrate
exceedsthedesi~ratefortheice-protectionequipmentandalsoillus-
tratesthedesirabilityof sometimesdesigningice-protectionequipment
forwater-collectionrateswhicharelessthanthemaxhumrate
expected.Themethodis illustratedbytheselecticmofdesigncri-
terionsforice-protectionequipmentfora hypothetical,12-percent
thick,low-dragairfoilwitha chordlengthof15.8feet;however,the
methodmaybe employedforanyairfoilprovidedthecollectionefficiency
isknown.
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Forseveralyearsresearchhasbeenconductedontheprevention
andremovalof iceformationscausedby supercooledcloudson components
ofaircraftby theadditicmofheatto thevulnerablecomponents.In
orderto evaluatetheheatrequirementsofem ice-preventionsystemthat
providesadequateprotectionagainsticingcausedbysupercooledclouds,
therateatwhichsupercooledliquidclouddropletsarecollectedly
eachportionofthesurfaceoftheairplane,theprobablemaximumdura-
tion,andthefrequencyofoccurrenceofvariousicingconditionsmust
be known.Theevaluationoftheseunknownsrequiresthefollowing
informationaboutsupercooledclouds:(1)liquid-watercontent,
(2)droplettiemeteranddroplet-sizedistribution,(3)airtemperature
andpressure,(4)horizontalandverticalextentoficingsituations,
and(5)frequencyofoccurrenceof icingconditionsofa givendescrip-
tion.

Incompleteinformationconcermlngthefundamentalphysicalpro-
cessesthatdetezminethestructureaf cloudsandcloudsystemshas
necessitatedan experiment&1andstatisticalapproachtothedefinition
oftheimportantfeaturesofa icingcloud.Flightshavebeenmadeby
theIUWAandotheragencieswithinstmentedaircraftthroughsuper-
cooledcloudsforthepastseveralyearsinorderto establish,forthe
pertinentmeteorologicalvariables,therangeofvaluesencounteredin
icingconditions.As a resultoftheseinstrumentedflights,a con-
siderableaccumulatimofmeteorologicaldatapertinentto theicing
problemhasbeenobtainedandpublished.

AspartoftheIWCALewislaboratoryicing-researchprogrsm,this
reports~izes theexistingmeteorologicaldatafrm varioussources
andproposesa methodof selectingdesigncriterionsforice-protection ‘
equipment.Thedataaresummarizedinsucha mannerasto givethe
frequencyofoccurrenceoficm situationswitha givencombinationof
twooftheprincipalmeteorologicalvariables.Thesefrequenciesof
occurrenceareusedincodxhationwithwater-collectionratesforan
aircraftcomponentasa basisfortheproposedmethodofselecting
designcriterionsforice-protectionequipment.Thismethodgivesa
convenientmeansofdetermdninnthepercentageoficingencountersin
whichthewater-collectionrateexceedsthecollectionrateforwhich
theice-protectionsystemisdesigned.Themethodisillustratedbythe
selectionofdesigncriterionsforice-protectioneqtipmentfora hypo-
thetical,12-percentthick,low-dragairfoilwitha chordlengthof
15.8feet.
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SourcesofData

Theicing-parametermeasurementssummarizedin,thisreporthave
beenpreviouslypublished:thoseonliquid-watercontent,mean-
effectivedroplet&bmeter,ambientairtemperature,andpressurealti-
tudeoficingconditionsinreferences1 to4;thoseonhorizontaland
verticalextentoficingsituationsinreferences4 to 6. Althoughmore
titshavebeencollected,onlythosethatcanbe directlycomparedand
summarizedhavebeenincluded.Thesedata,withtheexceptionofthose
inreference6,havebeencollectedlytheNACAwithinstrumentedair-
craft.

Theaircraftinstrumentationusedconsistedofallorpartofthe
followinginstruments:(1)airspeedindicatorandrecorder;(2)alti-
meterandaltituderecorder;(3)thermocoupleorresistance-bulbther-
mometershieldedfromradiationanddirectimpactofwaterformeasure-
mentoffree-airtemperature;(4)rotatingmulticylindersforthe
determinationofliquid-watercontent,mean-effectivedropletdiameterl,
droplet-sizedistribution,andextentofictigconditions;(5)cloud
tidicatorforthedeterminationofextentof cloudoricingcondition;
(6)fixedcyltiderforthedeterminationofmaximumdroplettiameter;
and(7)rotating-diskicing-ratemeterforthedeterminationofthe
spatialextentoficingconditionsandmaximumliquid-watercontentover
shortintervals.Most
ice-researchequipment
ture(references1,2,

oftheseinstrumentsarerecognizedas standard
amdtheyareadequatelydescribedinthelitera-
5,7,and8).

MethodofSummarizingData

Thedataonliquid-watercontent,mean-effectivedropletdiameter,
ambientairtemperature,andpressurealtitudeoficingconditionsare
dividedintotwocategories:forstratifomandcumuliformclouds.
Stratiformcloudsarelayer-me cloudsinwhhh thehorizontalextent
ismuchgreaterthantheverticalthiclmess.Thiscloudtypeincludes
stratus,strato-curmlus,alto-stratus,alto-cumulus,andnimbo-stratus.
Cumuliformcloudsarecloudswithverticaletientcomparableto the
horizontalextent.Thiscloudtypeincludescumulus,cumuluscongestus,
cumulo-nimbus,andalto-cumulus-castellatus.Thisditisionoficing
situationswasnecessa-rybecausetheicingconditionsinthetwocloud
typesareverydifferent,owingtothedifferenceinthemannerinwhich

%he mean-effectivedropletdiameterisa volumemedismdroplet
size,thatis,theamountofwaterinalldropletsofdiametergreater
thanthemean-effectivediameterisequaltothesmountofwaterinall
dropletsofsmallerdismeter.

.. . . . .— —.————— ——
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theyareformed.Inaddition,the
ditionsinstratiformcloutiby an
greater+* in cumuUformclouds.

frequencyofencounteroficingcon-
aircraftinrouttieflightismuch
Thepercentageofallicingencoun-

tersinroutineflightthatoccurin cumuliformcloudsis5 percent
accordingtoreference9.

Themeteorologicaldataonliquid-watercentent,mean-effective
dropletdiameter,aribientairtemperature,andpressurealtitudeof
icingconditionsaresummarizedintheformofbivsriatefrequency-
distributionchartsin orderto showthefrequencyof occurrenceof
icingconditionsaccordingtotwoofthevariablesandthestatistical
relationbetweenthesetwovariables.Thehrportanceofthefrequency
ofoccurrenceofa givenicingconditionintheselectionofvaluesof
themeteorologicalvariablesas designcriterionsforice-protection
equipmentisillustratedby theproposedmethodofselectingdesign
criterions.Thestatisticalrelationsbetweenliquid-watercontentand
pressurealtitude,mean-effectivedropletdismeterandpressurealti-
tude,andtemperatureandpressurealtitudeareusefulinestimating
probableicingconditionsataltitudesabove20,000feetwhereobserved
dataarelacking.Tnaddition,thesestatisticalrelationsareof
interesttoaeronauticalmeteorologistsandflightcrewsaswellas
designersofice-protectionequipmentforairplanes.

Sufficientdataonhorizontalandverticalextentoficingcondi-
tionshavenotbeencollectedtodatetopermitthepresentationofthe
datainsucha formasto givethefrequencyofoccurrenceofvarious
icingconditionsasa functionofextentofcondition.However,the
extentoficingconditionsisoffundamentalimportanceto designersof
ice-protectionequipmentandthereforethelimited&ta havebeen
includedinthissummary.

Liqyid-VaterContentasFunctionofFressureJU.titude

Theliquid-watercontentofan icingconditionmaybe regardedas
themost
possible
therate
cloudis
droplets

hrportsmticingparameterbecauseitdeterminesthemaximum -
=te of iceaccmmls,tiononanairfoil.Ingeneral,however,
of iceaccumulationonanairfoilmovingthrougha supercooled
considerablylessthanthismaximumbecausesaneofthewater
aredeflectedaroundtheairfoil.

Theliquid-watercontentofstratiformandcumuliformcloudsasa
functionofpressurealtitudeis summarizedinfiguresl(a)andl(b),
respectively,intheformofbivariatefrequency-distributioncharts.
Thesechartsindicatethefrequencyofoccurrenceof icingconditions

. forvariousincrementsofliquid-watercmtentandpressurealtitude.
Forexample,in stratiformcloudsbetweenpressurealtitudesof4000
and6000feet,24icingconditionswereobservedTrithIJqtid-watercon-
tentsbetween0.36and0.48grampercubicmeter.Curvesofmaximumand
averagevaluesofliquid-watercontentasfunctionsofpressurealtitude
arealsoshowninthefigures.
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Theaverageliquid-watercmtentforbothcloudtypesingeneral
increaseswithaltitudeto a maximumvaluethendecreaseswithfurther
increaseofaltitude.Z?hemaximumvaluesofaverageIA@d-watercon-
tents,however,donotoccuratthesame~ressurealtitudeforboth
cloudtypes.Themaximumvalueofaverageliquid-watercontentfor
stratifomcloudsoccursat5000feetas cmparedwith13,000feetfor
clXmiM.formclouds.Foranygiven+titudetheaverageL@id-water
contentofcumulifomncloudsishigherthanforstratiform.

Therangeofliquid-watercontentfora givenaltitudeas indi-
catedby themaximmcurves(fig.l(a)andl(b))isdifferentforthe
twocloudtypes.Thelargestrangeofliquid-watercontent,O to
O.9~grsmpercubicmeter,forstratiformcloudsoccursinthepressure-
altituderangeof4000to 8000feet,whereasincumuliformcloudsthe
largestrange,O to1.68gramspercubicmeter,occursinthepressure-
altltuderangeof14,000to16,000feet.Althoughtherangeofliquid-
watercontentislarge,thefrequencyofoccurrenceoficingsituations
withhighliquid-watercontentis smallcmparedwiththetotalnumber
oficingencounters;forexample,onlyfiveoutof158observationsin
stratiformclouds(fig.l(a))haveliquid-watercontentsgreaterthan
0.60grsmpercubicmeter.

Thesedataindicatethata st.wtidticalrelationexistsbetween
liqti,d-watercontentsadpressurealtitude;however,therelationis
differentforthetwocloudtypes.OnthebasisofI.iqtid-watercontent
alonetheseverityoficingconditionswouldin generalbe greaterin
curadiformthanin stratiformclouds,because
raugeofliquid-watercontentsaregreaterin

CloudDropletDiameterasFunctionof

theaveragevalues
Curmiltiormclouds.

PressureAltitude

A componentoranairfoilofanairc~ftinflightthrough

andthe

a
cloudusuallydoesnotinterceptallthedropletsin itspath,became
someofthedropletsaredeflectedaroundtheairfoilby theairflow.
Thepercentageofdropletsintercepteddependson;amongotherfactors,
thedropletsizeandincreaseswithincreasingdrcpletsizeifall
otherfactorsme constant.Becausethepercentagecatch,andthere-
foretherateof iceaccumulation,arefunctionsofdropletsize,any
relationbetweendropletsizeandpressurealtitudeis ofimportance,
forpossiblythealtitudeofseverestaircrafticingwouldnotcoincide
withthealtitudeofmaximumliquid-watercontentindicatedby figure1.

Datacollectedduringicingsurveyflightsindicatethatcloud
dropletsina givenicingsituationarenotalwaysuniformin sizebut
maybe distributedovera widerangeof sizes.Becausethedroplet-size
distributionmayinfluencetherateoficeaccumulationonvariousareas
ofanairfoil,itshouldbe employedh thedesigncalculationsfor

-. ..——. - .—. . . .. —.— —— .— --.——— —--- .—. ——. - — ————— -—
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ice-protectionequipment.Theintroductionofthisfactor,however,
greatlycomp~catesthedesigncalculations;‘thereforeithasnotbeen
usedextensively.Themean-effectivedropletdiameterhasbeenemployed
instead.Furthermore,somedoubtexistsastothevalidityofthe
droplet-sizedistributionmeasurements.

Bivariatefrequency-distributionchartsofmean-effectivedroplet
diameterasa functionofpressurealtitudeforicingconditionsin
stratiformandcumuliformcloudswithcurvesofmaximumsndaverage
valuesofmean-effectivedropletdismeterarepresentedinfigures2(a)
Snd2(b).IftheoneobsemationinthealtituderangeO to 2000feet
in stratifomclouds(fig.2(a))isregardedas insufficientdatafor
average-mean-effective-droplet-diametercalculations,thentheaverage
andmsximumvaluesofmean-effectivedropletdismeterareverysimilar
forthetwocloudtypes.Theaveragevalueofmean-effectivedroplet
diameterforanygivenaltitudeforcumiilifonncloudsisin generalfrom
1 to4 micronslsrgerthanforstratiformclouds.Forbothcloudtypes
theover-allaveragemean-effectivedropletdiameterishigherinthe
pressure-altituderangeof10,000to 20,000feetthaninthersageof
O to 10,000feet.

Althougha largerangeofdropletdiameterisindicated,thefre-
quencyofoccurrenceof icingsituationswithextremelylargemean-
effectivedropletdiametersisverylowcomparedwiththetotalnumber
ofobservations.

Fromtheforegoinganalysisthereappearstobe a statistical
relationbetweenmean-effectivedropletdiameterandpressurealtitude,
whichisaboutthesameforthetwocloudtypes.A comparisonoffig-
ures1 and2 showsthatthepressure-altituderemgeofhighestLLquid-
watercontenth stratiformcloudsisbelowthepressure-altituderage
oflargestmean-effectivedropletdiameter,whereasincumuliformclouds
thetworangesnearlycoincide.

ELquid-llaterContentasFunctionofMean-EffectiveDropletDiameter

Thefrequencyofoccurrenceof icingsituationswithvariouscom-
binationsofliquid-watercontentand.mean-effectivedropletdhameter
isofimportancebecausetherateoficeaccumulationonan aircraft
componentdependsonboththeliquid-watercontentandmean-effective
droplettiameter.Bivariatefrequency-distributicmchartsofthesetwo
variablesarepresentedinfigure3. Thedataaredividedintofour
categories:(1)stratiformcloudsinthepressure-altituderangeof
O to10,000feet(fig.3(a)),(2)cumulifonncloudsh thepressure-
altituderangeofO to10,000feet(fig.3(b)),(3)stratiformclouds
inthepressure-altituderangeof10,000to20,000feet(fig.3(c)),
and(4)cumulifomncloudsinthepressurealtituderangeof10,000to



NACATN 2569
.

.

.

20,000feet(fig.3(d)).Thedataaredividedintothetwoaltitude
rangesbecausetherateoficecollectionis,to a slightdegree,
dependentontemperatureandpressure.Thesesummariesareusedina
latersectionofthisreportto illustratetheproposedmethodof select-
ingdesigncriterionsforice-protectionequipment.

Themostprobableicingconditiononthebasisofliquid-water
contentandmean-effectivedropletdismeterforthefourcategoriesof
figure3 isindicatedbythemaximumfrequencyofoccurrenceof obser-
vations.Themostprobableicingconditionforstratifonncloudsis
approximately0.19grsmpercnibicmeterand12micronsforthepressure-
altituderangeofO to 10,000feet,whereasthemostprobableicingcon-
ditionforcumuJ3fomcloudsinthesamealtituderangeisapproximately
0.42grampercubicmeterand21microns.b thepressure-altituderange
of10,000to 20,000feetthemostprobableicingconditionforstratiform
cloudsisapproximately0.06WSM percubicmeterand3.5microns.The
mostprobableicingconditionforcumull.forminthisaltituderangeis
notaswelldefinedasfortheothercategories,butitappearstobe
approximately0.18gram~erc~ic meterand20microns.

Alsopresentedinfigure3 areaveragevaluesofliquid-watercon-
tentsforvariousincrements-ofmean-effectivedropletdiametersand
averagevaluesofmean-effectivedropletdiameterforvariousincrements
ofliquid-watercontent.Theseaveragevaluesaretidicatedbythenum-
bersatthetopandrightsideofthefigure.

TheaverageIdquid-water-contentconditionsforthefourcate-
gories(figs.3(a)to 3(d))canbe summarizedasfollows:(1)the
averageliquid-watercontentfora givenmean-effective-droplet-diameter
incrementisusuallyhigherforcumulifonnthanforstratiformclouds;
(2)theaverageliquid-watercontentofstratiformcloudsfora given
mean-effective-droplet-diameterincrementishigherforcloudsinthe
O-to10,000-footrangethaninthe10,000-to 20,000-footrange;for
cumuliformclouds,conditionsareopposite,thatis,theaverage
liqpid-watercontentisgreateratthehighaltitudes.

Theaveragemean-effective-droplet-diameterconditionsforthe
fourcategories(figs.3(a)to 3(d))caube summarizedas follows:
(1)theaveragemean-effectivedropletdiameterfora givenliquid-
water-contentincrementisusuallyabout5 micronsWger in cumubf- Orm
thanstratiformcloudsforbothaltituderanges;(2)theaveragemean-
effectivedropletdiameterfora givenliquid-water-contentincrement
islargerforstratiformcloudsand,ingeneral,is slightlylargerfor
cumuliformcloudsinthe10,000-to 20jO00-footrangethaninthe
O-to10,000-footrange.

.
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Theforegoinganalysisindicatesa statisticalrelationbetween
liquid-waterc&ntentand-mean-effectivedropletdiameter.Therefore,
whenselectingvaluesoftheseparametersas designcriterionsforice-
protectionequipment,cautionshouldheexercised,becauseindividual
valuesoftheparameterscould’be selectedthat,whenconsideredalone,
appeartobe reasonable,butwouldoccurveryseldcmin combinationin
an icingsituation.Themethodproposedinlatersectionsofthis
reportfortheselectionofdesigncriterionsisbaseduponthedata
summarizedinfigure3;thereforethevaluesofmean-effectivedroplet
dismeterandliquid-watercontentusedintheLIJ_ustrativeexampleare
consistentwithatmosphericconditionsh icingsituations.

TemperatureofIcingCloudsasFunctionofPressureAltitude

Thesaibientairtemperatureofan icingsituationmustbe con-
sideredinthedesignofice-protectionequipmentbecausethecloud-
droplethpingementonanairfoilisa functionofairviscosityand
density.Moreover,thetemperatureofan icingconditionis important
inthecalculationofthesmmuntofheatrequiredtomaintainthesur-
faceofanairfoilata temperatureabovefreezinginorderto prevent
orremoveiceformation.

Bivariatefrequency-distributionchartsoftemperaturesof icing
situationsasa functionofpressurealtitudeforstratiformandcumuJ.i-
formcloudsarepresentedinfigures4(a)and4(b),respectively.Also
indicatedonthechartsarecurvesofaveragetemperaturesoficingcon-
ditionssndstandard-atmospheretemperaturesas a functionofpressure
altitude.

A comparisonofthetwochartsshowsthattherangeoftempera-
turesencounteredinstratiformclouds(fig.4(a))ismuchgreaterthan
forcumuliformclouds(fig.4(b))at lowpressurealtitudes,butisvery
shdlaratpressurealtitudesabove8000feet. Theaveragetemperature
at pressurealtitudesbelow7000feetisslightlylowerforstratifom
cloudsthanforcumtiozm clouds,butfrom7000to 21,000feetisgen-
emllyhigherforstratifomthanforcumulifozmclouds.Iorlowpressure
altitudestheaveragetemperaturesforbothcloudt~es arelowerthanfor
thecorrespond@temperaturesoftheNACAstandardatmosphere,whereas
forhigherpressurealtitudestheaveragete@e=turesareslightlyhigher.

ExtentofIcingCondition

Althoughdataonhorizontalandverticslextentoficingcondi-
tionsarelimited,sufficientdatahavebeenobtainedto indicatethe
orderofmagnitudeoftheseicingvariables.

L%’+
UI

.
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Thenixdmumhorizontaletientoficingsituationswitha given
averageliquid-watercontentispresentedinfigure5. Thedashedcurve
isan estimateoftheprobablemsximumhorizontalextentofwintericing
situationswitha givenaverageliquid-watercontentasproposedin
reference5. Thesolid”curveisan envelopeofthemaximumdistance
flowninicingconditionswitha givenaverageliquid-watercontent,as
measuredandreportedby reference4,for57flightsin icingconditions
duringfourwintericingseasonsfrm 1946to1950.Thecurvesoffig-
ure5 aresimilarandshowan inverserelationbetweenaverageli@d-
waterconteptandmaximumhorizontaletientoficingsituations.The
majorityofobservationsonwhichtheestimatedcurveisbasedwere
takenincumukiformclouds,whereasa largemajorityof observationson
whichthemeasuredcurveisbasedwerein stratiformclouds.Thisdif-
ferenceprobablyaccou&.sforthehigherliquid-watercontentindicated
forshortdistancesby theestimatedcurve,astheliquid-watercontent
isusuallyhigherincumnMformcloudsthanstratifomnclouds.

Themaximumverticaletieatoficingconditionsobservedin
,stratiformcloudsasreportedby reference4 wasapproximately6500feet.
Thisicingconditionconsistedofmultiplecloudlayers,andthelayers
weresufficientlyclosetogetherwithvaryingtopsand%asesthaticing
conditionswereUnavoitiblewithoutfrequentchangesofflightpath.
Accordingtoreference4, 89percentoficingconditionsobservedin
stratifozmcloudswerelessthan5000feetinverticalextent.

Themaximumverticalefientoficingconditionsobservedin
cumd.iformcloudsas reportedinreference6 for33 observationswas
approximately9000feetwithapproxhatel.y80percentoftheobserva-
tionsat lessthan6000feet.AlthoughtheseobservationsareHmited
innumberandwerets.kenovera periodofonly6 months,theyaresuffi-
cientto indicatethattheverticalextentoficingconditionsmaybe
greaterforcumuliformthanforstrat~ormclouds.

LimitationsofSummarizedData

Therotatimg-multicylindermethodofdeterminingliquid-water
contentandmean-effectivedropletdiameterof icing,conditionsdepends
basicallyontheamountoficecollectedon cylindersofvarioussizes;
therefore,themethmlgivesdatawhichcanbeadaptedforthedesignof
ice-protectionequipmentforvariouscomponentsofanairplane,because
theerrorsduetolossesby dropletblow-off,bounce-off,andevapora-
tionshouldbecomps&ableforcylindersandvariousairplanecomponents.
Frm a purelymeteorologitipointofview,however,themeasured.values
oftheseparametersmaybe inerrorbecauseoftheselosses.Ihaddi-
tion,thereisa certainamountofsubjectiveerrorintheevaluationof
liqtid-watercontentandmean-effectivedropletdiameterbecausethe
measuredsmmuntoficecotiectedon cylindersofvarioussizeshaveto

.
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be matchedwiththeoreticalamountscalculatedonthebasisofdroplet
trajectoriesforcylinders(reference8). Thecorrelationbetweenthe
actualamountsoficecollectedandthetheoreticalvaluesisusually
imperfectbecausethetheoreticalvaluesarebaseduponhypothetical.
droplet-sizedistributionsTThichdonotnecessarilyexistinan icing
situation;thereforethedataonliquid-watercontentandmean-effective
dropletdismeterdependto someextentonthejudgementoftheanalyst.

Becauseofthesepossibleerrors,cautionshoul.dbeexercisedin
theuseofthedatasummarizedinfigures1 to4 forverificationof
theoreticalconsiderationsofcloudformationandstructureuntilthe
errorsareevaluatedbymeasurementsofliquid-watercontentanddroplet
sizeby independentmethods.Althoughthesedatamaybe subjectto
questionfordeterminingthefundamentalphysicalpropertiesofcloud
structuresanddevelopmentprocesses,theycanbe ofuseto aeronautical
meteorologistsasanaidinforecastingtheoccurrenceandtheseverity
oficingsituations.

Thepressurealtitudesoficingconditionsgiveninfigures1,
2,and4 areintermsoftheNACAstandardatmosphere.Thisprocedure
yieldsdatathatmaybe comparedata givenpressurebutdoesnotgive

.

theactualheightabovesea-levelortheunderlyingterrain.Theactual
heightabovetheterrainwouldbeofconsiderableimportanceintheoreti-
calconsiderationsof cloudformationandstructure.However,the
pressurealtitudeis ofimportancebecausethedesigncriterionsfor
ice-protectionequipmentareimplicitfunctionsoftheambientpressure
oficingsituations.

Furtherlimitationsofthedatasumarizedinfigures1 to4 are:
(1)A verylargemajoritywasobtainedduringthewtiterandspring
monthsoftheyear,(2)mostoftheresearchflightsonwhichthedata
wereobtainedhavebeenrestrictedtotheGreatLakesandWestCoast
regionsoftheWited States,and(3)a largepercentageof thedata
forpressurealtitudesabove10,000feetwasobtainedintheWestCoast
regionoftheUhitedStates.Becauseoftheselimitationsanydesign
criterionsforice-protectionequipmentbaseduponthesedatacannot
be acceptedasuniversaluntilfurtherflightmeasurementshavebeen
made.

Althoughthesedatahavelimitations,itwill.be necessaryto
assumeinthisreportthattheyaresufficienttogivereliableindica-
tionsofaverageandmaximumicingconditions,aswellasfrequencyof
occurrenceof specifiedicingconditions,inordertodeterminetenta-
tivedesigncriterionsforice-protectionequipmentforaircraft.
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SELECTIONOFMETEQROL@ICALFACTORSFORICE-PROTECTION-SYSTEMDESIGN

Becausetheamountofheatrequiredby ice-protectionsystemsof
high-speedsetaircrafttoevaporatealltheinterceptedsupercooled
waterfromthevulnerablecomponentsisoftenverylarge,itmaybe
necessaryto designice-protectionequipmentforsanecanponentsfor
icingconditionsoflessseveritythanthemaxbumexpectedinorderto
keeptheheatrequirementstoaccept-ablevalues.Thismaybe particu-
larlynecessaryiftheprobabilityof encounteringtheseveresticing
conditionisverylowandtheheatrequiredforprotectionforthis
situationis sevetittiesthatrequiredforthemostprobableicing
contition.

Thisapproachto ice-protectionequipmentdesignmaybe feasible,
becausesevereicingsituationsareusuallythosewithhighliquid-water
contentandthereforegenerallyof shorthorizontalextent(fig.5);
andsomecomponentswithhighheatrequirements,suchaswings,can
oftentoleratesmallaccumulationsoficeforshortpericdsoftime
withoutexcessive.airpLaneperformancelosses.Dataobtainedduringthe
recentThunderstormProject(reference10)onicingconditionsin cumuli-
formcloudsisofinterestinthisconnection.A totalof 305traverses
ofcumuliformcloudsby P-61Cairplanesweremadeinicingconditions,
andonno occasiondidiceaccumulatebeforetheendofa traverseto
suchan extentastomakesafeflightimpossible.Inasmuchas these “
flightsweremadewithrelativelyslmr airplaneswithreciprocating
engines,no directconclusionscanbe drawnfromtheseflightsregarding
safetyofflightthroughcumuliformcloudswithhighliquid-watercon-
tentbyjet-poweredaircraftotherthanthatitmaybe possibleto fly
inicingconditionswhichwilloverloadtheice-protectionsystemfor
shortperiodsoftimewithoutlossofcontrolbeforeemerginginto
clearairorlesssevereicingconditions.Forjet-poweredaircraft
withthinhigh-speedwings,thesmountoficethatcanbe tolerated
maybe considerablylessthanthatforlow-speedwings. h addition,
criticalcomponentssuchasturbine-engineWets mustbe kepticefree
atalltimes;andice-protectionequipmentforthesecomponentsmustbe
designedto copewiththemaximumicingconditionsanticipated.In
general,thesecriticalareasdonotrequirea largepercentageofthe
totalheatrequirements.

Ifthisapproachto ice-protection-eqtipmentdesignis employed,
itisdesirabletoknowtheprobabilityofencounteringan icingsitua-
tionofa givenseverityandtheseverestconditionthatmaybe encoun-
tered.Theheatreqtiedbyanairplaneccmponentisa functionofthe
airspeed,atmosphericpressure,distributionoftiterceptedwaterover
thesurfaceofthecomponent,airtemperature,andrateofwaterinter-
ception.Thereforean ice-protectionsystemmaybe hadequateifany
ofthevariablesexceedthevalueforwhichthesystemwasdesigned.
Fora cmnpleteevaluationoftheProbabilityofencounteringan icing
situationofa givenseverity,allthesevariablesshouldbe considered

-. .— . -. .—-—-—-——--—--———— -—-——— —. ———. — —-—.
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shultaneousl.y.Becauseofitscomplexityandtheincompletenessofthe
meteorologicaldataavailableatthepresentthe, a ccmpletesolution
willnot%e attempted.However,anapprodmateevaluationoftheprob-
abilityofencounteringan icingsituationofa givenseverityfora .
givencomponentandflightconditioncanbe obtainedbyconsideringthe
rateofwaterinterceptionandthedatapresented’infigure3. This
approximationispossiblebecausetheheatrequiredby a componentto
evaporatetheinterceptedwaterfortherangeoftemperaturesandpres-
suresencounteredinicingconditionsdependslargelyontheamountof
watercollected.

In orderto evaluatetherateofwatertiterceptionby a com-
ponent,thecollectionefficiencyofthecmponentmustbe knqwn.The
collectionefficiencyofan airfoil,definedastheratioofthewater
interceptedby thecmuponenttothetotalmass‘ofwaterinthevolume
sweptoutby themovingairfoilat zerogemetricangleofattack,isa
functionofthephysicaltiensionsoftheairfoil,theairspeed,and
theangleofattackaswellasthemeteorologicalvariables:droplet
size,airtemperature,andpressure.Theairtemperaturesmdpressure
enterintotherehtionindirectlyasparametersdeterminingthevis-
cosityanddensityoftheair. Thecollectionefficiencyofanairfoil
canbe obtainedfromdroplettrajectorycalculationssuchasthosepre-
sentedinreferenceIl.

Thisapproachtothedesignofice-protectionequipmentcanbest
be presentedbymeansofan example.Assumethattheprobabilityof
encounteringan icingsituationwitha givenrateofwaterinterception
isdesiredfora hypothetical,12-percentthick,lair-dragairfoilwith
a chordlen@h of15.8feetfora climbconditionfrcmO to 20,000feet
at 350milesperhour.Estimatesofthecollectionefficiencyas a
functionofdropletsizeforsutia ~othetic~ a~oil for~0 oPera- .
tingandmeteorologicalconditionsarepresentedh figure6. Thetem-
peratures,20°F md 0°F, associatedwiththetwocollection-efficiency
curvesforpressurealtitudesof5000and15,000feet,respectively,
wereobtainedfromthedatapresentedinfigure4 andarea~roximately
themeantemperaturesmeasuredinicingconditionsforthealtitude
rangesofO to 10,000feetand10,000to 20,000feet,respectively,as
wellasthemeantemperaturesforthetwopressurealtitudesof5000
and15,000feet.Theangleofattackwasincreasedfrom1.5°at
5000feetto 2°at15,000feetin ordertomaintaintheairspeedconstant
at 350milesperhourduringclimb.Sincethecollecticmefficiencyof
theairfoildoes’notchangemuchingoingfrom5000to15,000feet,it
isassumedthatthecurvefor5000feetisrepresentativeofthecollec-
tionefficiencyoftheairfoilinthepressure~tituderangeofO to
10,000feetandthecurvefor15,000feetisrepresentativeforthe
pressurealtituderangeof10,000to 20,000feet.

L1
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Whentheserelationsbetweencollectionefficiencyanddroplet
sizearecombinedwiththeequationfortherateofwaterinterception,
curvesof constantrateofwaterinterce@ionasfunctionsofliquid-
watercontentand&opletsizeareobtained.Therateofwaterinter-
ceptionisgivenby thefollowingequation:

~ = 0.3296~VmtC

where

@

0.3296

%4

v

m

t

c

massofwaterintercepted,poundsperhourperfootofairfoil
span

conversionfactor

collectionefficiencyofairfoil,percent

airspeed,mileGperhour

liquid-watercontent,gramsperctiicmeter

airfoilthickness,percentofchordlength

chordlength,feet

Curvesof constantwater-collectionratesasfunctionsofliquid-
watercontentanddropletsizeforthetwopressure-altitudersmgesof
thetwocloudtypesareshowninfigure7. Thesecurvesaresuper-
imposeduponthedataoffigure’3.Thepercentageof icingencounters
withwater-collectionrateslessthana givenvaluefora givencloud
typeandpressure-altituderangeisgivenbytheratioofthesumof
theicingencountersintheregionbelowandtotheleftofa given
water-collection-ratecurvetothetotalnwiberoficing,encountersfor
thegivencloudtypeandpressure-altituderange.

Cumulativefrequencycurvesofthepercentageoficingencounters
withratesofwatercollectionlessthana givenvalueforthefour
cloudclassificationsoffigure7 obtainedintheprecedingmannerare
presentedinfigure8. Thewater-collectionrateincreasesveryrapidly
a%ove90percentofaU encounters.Itmaythereforebe desirableto
exploitthetoleranceofvariouscomponentsto smallquantitiesof ice
accumulationsandthesmallfrequencyofoccurrenceofsevereicing
conditionsinordertokeeptheheatrequirementstoacceptablevalues.
A comparisonofthecumulativefrequencycurvesforstratiformclouds
(figs.8(a)and8(c))withthoseforcumuliformclouds(figs.8(b)
and8(d))showsthat~ ice-protectionsystemdesignedfora given

-- . — . . - —.—. .—— -—.——.—-—-—-——— ——-——__.._—. —.—————— .- — –———
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water-collectionratewillprovidea muchhigherpercentageofprotection
forflightsinicingconditionsin stratiformcloudsthanin cumuMfom
clouds. However,ifonly5 percentofallicingencountersduringrou-
ttieflightoperationoccurin cumuMformcloudE(reference9),thenthe
probabilityofencounteringanicingsituationduringroutineflight
witha water-collectionratehigherthanthedesignrateis onlyslightly
higherthanthatcalculatedforicingencountersforstratifcrmclouds
alone.

Evenwhentheothervariableswhichdete-e heatrequirements
areneglected,a constantwater-collectionratedoesnotimplya con-
stantheatrequirementto evaporatethewater,becausethequantityof
heatvarieswiththelocaldistributionoftheinterceptedwaterover
thesurfaceoftheairfoil.Thislocaldistributionisa functionof
dropletsize.However,foran appreciableportionofa constantwater-
collection-ratecurvetheeffectofchangingdropletsizeontheheat
requiredto evaporatetheinterceptedwatermayoftenbe relatively
small.Therefore,thismethodprovidesatleasta reasonableesthate
oftheprobabili~ofencounteringan icingsituationtoosevereforthe
ice-p.-otectionequipment. .

By thismethoda rateofwatercollectioncanbe selectedasthe
designcriterionforiceprotectionfora particularcomponent.The
particularwater-collectionrateselectedwi31dependonthedegreeof
protectionrequiredby thecomponent.Sincethecollectionefficiency
ofa componentdependsonitsphysicaldimensions,thewater-co~ection
ratesforvariouscmponentswillnotnecessarilybe thesamefora
givenmeteorologicalcondition.Therefore,itwillbe necessaryto
applytheaboveprocedureofselectingdesigncriterionsto allcmn-
ponents,ifthetotalheatrequirementforadequateandefficientice
protectionfora high-speedaircraftistobe heldtoa minimum.

Thismethodof select5ngdesigncriterionseliminatesthediffi-
cultproblemofselectingfromthemeteorologicaldataonliquid-water
contentanddropletsize(figs.1 to 3) a specificccmibinationofthese
twovariablestobe usedasdesigncriterionsforice-protectionequip-
mentforallcomponentsofanaircraft.Theproblemisdifficult
becausethewater-collectionnatesforvariouscomponentsandcombina-
tionsofliquid-watercontentanddropletsizeareverydifferent,
andalsothedegreeofprotectionrequiredforvariouscomponentsis
different.Therefore,ice-protectionequipmentdesignedfora specific
cmibinationd liquid-watercontentanddropletsizemayprovideade-
quateprotectionforsomecomponentsforallpossiblecombinationsof
liquid-watercontentenddropletsize.However,forothercomponents
andcombinationsofMquid-watercontentanddropletsizetheheat
requirementscalculatedonthebasisofa specificcombinationof
liquid-watercontentanddropletsizemaybe toolowortoohigh,
therebyresultinginan ice-protectionsystemthatwouldbeinadequate
orinefficient.
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.

Althougha specificcadinationofliquid-watercontentanddroplet
sizeisnotobtainedbythismethod,itisoftennecessaryto selecta
representativevalueofmean-effectivedropletsize,andassumeordeter-
minefromdatapresentedinreferences1 to4 a representativevalueof
droplet-sizedistributionin orderto determinerepresentativevaluesof
chordwiseextentofdropletimpingementandthelocaldistributionof
theinterceptedwater.Thesefactorshavetobe evaluatedin orderto
determinethelocaldistributionoftheheatreqy.irementsandthechord-
wiseextentoftheheatedarea. Ihpractice,however,it isusually
necessaryto extendthechordwiseheateddistancebeyondtheimpingement
zonebecauseofpossiblerwibackbeforeevaporationis ccmpleteandthe
highairfoilsurfacet~eraturesrequiredto evaporatetheintercepted
waterwithintheimpingementzone.Therefore,theselectionofa repre-
sentativemean-effectivedropletdiameterisnottoocriticalandmaybe
obtainedfromthedatapresentedinfigure7. Usuallythis representa-
tivemean-effectivedropletdismeterwillbe a valueintermediatebetween
themostprobableandthemaximummean-effectivedropletdiametertobe
expectedforthecloudtypeandaltituderangeinwhichtheairplanewilll
operate.

Althoughthismethodofdete~ designcriterionsisespecially
adaptableforice-protectionequipmentofthecontinuousheatingtype
thatevaporatestheinterceptedwater,sameoftheconceptsinvolvedmay
be ofconsiderableusein selectingdesigncriterionsforothertypes
oficeprotection.Thiswillbe especiallytruewhenmorecomplete
informationisavailableonthefrequencyofoccurrenceof icingcondi-
tionswithspecificconkd.nationsofliquid-watercontent,dropletsize,
airtanperature,airpressure,andextentoficing,andwheninforma-
tionisalsoavailableondroplettrajectorycalculationsforvarious
aircraftcomponents.

CONCLUDINGREMARKS

Dataontherangeofvaluesofthemeteorologicalvariablesper-
tinentto theaircrafticingproblemhavebeensummarizedanda method
hasbeenproposedfortheselectionofdesigncriterimsforice-
protectionequipmentofthecontinuousheattypethatevaporatesthe
interceptedwater.Thesummarizeddatatidicatethatstatisticalrela-
tionsexistbetweenliquid-watercontent,mean-effectivedropletdiam-
eter,temperature,andpressurealtitude.Therefore,whenselecting
valuesoftheseparametersas designvaluesjcautimshouldbeexercised
becauseindividualvaluesoftheseparameterscouldbeselectedthat,
whenconsideredalone,appeartobe reasonable,butwouldoccurvery
seldominccmibinationinan icingsituation.Theproposedmethodof
selectingdesigncriterionsisbaseduponthecollectionefficiencyof
theairfoilasa functionofdropletsizeandthefrequencyofoccur-
renceoficingsituationswithvariousliqtid-watercontentsandmean-
effectivedropletsizes.Themethodprovidesa convenientmeansof

.—. -.-r .-—.—-—. — -— .— ....— -. .— .-._ — .. — —— —.— —.. —
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calculatingthe
collectionrate
Themethcdalso

percentageoficingencountersinwhichtheice-
exceedsthedesignratefortheice-protectionequipment.
illustratesthedesirabi~tyofe~loitingthetolerance—

ofvariouscomponentsto smallquantitiesoficeaccumulations,because
thefrequencyofencounterofic5ngsituationswithextremelyhighice-
collectionratesislow. Ice-protectionequipmentforsanecritical
aircraftcomponents,suchasturbine-engineinlets,should,however,be
designedforapproximatelytheseverestice-collectionratesexpected.
Forairplanesequippedwithice-protectionequipmentwhichisdesigned
forice-collectionrateslessthanthemaximumexpected,meteorological 0)
forecastingandnsmigationwillhavetobe employedtoavoidtheextreme &N
conditions;ortheaircraftwi13.havetobe operatedontheassumption
thattheice-protectionequipmentforthenoncriticalccmponmtscanbe
overloadedfora shortttieuntiltheaircraftemergesintoclearair
orlesssevereconditions.

‘LewisFlightPropulsionLaboratory
NationalAdtisoryComitteeforAeronautics

Cleveland,O&o, April27,1951
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Figure7.- Continued.Constantwater-collection-ratecurvesforhypotheti-
calairfoilsuperimposedonfrequencydistributionoficingobservations.
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Figure7.- Continued.Constantwater-collection--tecurvesforhypothetical
atifoilsuperimposedonfrequencydistributionoficingobservations.
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&speedof350milesperhour.
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Figure 0. - concluded, Frequencycurvesof rati of watir collectionfor a hypothetical,12-percentthick,
low-dragairfoilvith a chord lengthof 15.8 feet and airepeed of 350 mile6 per hour.
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